A frican swine fever (ASF) is a complex and lethal viral disease affecting swine and has a significant socioeconomic impact on both the developed and developing world. It has a major negative effect on national, regional, and international trade and constrains pig production in affected areas. The devastating acute form of the disease is characterized, among other features, by functional and congestive-hemorrhagic disorders of the digestive and respiratory systems and causes around 100% mortality in infected pigs (1). Both European wild boars (Sus scrofa) and feral pigs are susceptible and exhibit clinical signs and mortality rates similar to those of domestic pigs. In contrast, African wild pigs (Phacochoerus and Potamochoerus spp.) are resistant to the disease (2-10).
A frican swine fever (ASF) is a complex and lethal viral disease affecting swine and has a significant socioeconomic impact on both the developed and developing world. It has a major negative effect on national, regional, and international trade and constrains pig production in affected areas. The devastating acute form of the disease is characterized, among other features, by functional and congestive-hemorrhagic disorders of the digestive and respiratory systems and causes around 100% mortality in infected pigs (1) . Both European wild boars (Sus scrofa) and feral pigs are susceptible and exhibit clinical signs and mortality rates similar to those of domestic pigs. In contrast, African wild pigs (Phacochoerus and Potamochoerus spp.) are resistant to the disease (2) (3) (4) (5) (6) (7) (8) (9) (10) .
The causative agent of the disease, the ASF virus (ASFV), is a large double-stranded DNA virus and the only member of the Asfarviridae family, genus Asfivirus (11, 12) . The virus genome is 170 to 192 kb long (13) (14) (15) (16) (17) . ASF is endemic in sub-Saharan Africa, where it was first described in 1921 (18) . Several outbreaks have occurred since then in Europe and South and Central America. In most non-African countries, the disease has been successfully eradicated, the only exception being Sardinia (Italy), where the disease is still endemic (19, 20) . In April 2007, the disease spread from East Africa to the Republic of Georgia (21) , and outbreaks occurred in Armenia, Azerbaijan, and the Russian Federation (22) . The ongoing spread of ASFV into adjacent eastern European countries, such as Ukraine (23, 24) and Belarus (25) , and the situation in Russia affecting both wild boars and domestic pigs placed neighboring areas in the European Union (EU) at risk for the spread of ASFV. The first cases of ASF in wild boars in Lithuania and Poland were reported in early 2014 in areas bordering Belarus (26) (27) (28) (29) (30) . According to the World Organisation for Animal Health (OIE), during 2014, nearly 260 ASF cases or outbreaks in wild boars and domestic pigs were detected in EU countries (Latvia, Lithuania, Estonia, and Poland). This situation, combined with the uncertainty present in Belarus, has created a permanent risk of reintroducing ASF into the EU via wild boars or the illegal trade of contaminated pork products and waste (31) .
No vaccine is available to prevent ASF infection. The control and eradication measures applicable are based on classical disease control methods, including surveillance, epidemiological investigation, tracing of pigs, and stamping out in infected holdings.
These measures must be combined with strict quarantine and biosecurity measures in domestic pig holdings and animal movement control. Due to the characteristics of the disease, passive surveillance based on investigation of clinical signs and high fatality rate of pigs plays a pivotal role in the early diagnosis of ASF. In addition, given a certain proportion of animals may also survive the infection, active surveillance also provides very valuable data on the evolution of the disease and guidance on the assessment of the effectiveness of the control measures. However, to be successful, surveillance must have adequate laboratory support for a rapid diagnosis, which in combination, will allow the early detection of the disease and therefore its spread (32) .
ASF diagnosis requires the identification of animals that are or were previously infected with ASFV (1, 19) . Thus, an appropriate diagnosis involves the detection and identification of ASFV-specific antigens or DNA and antibodies (33) (34) (35) . The OIE-recommended tests for virus detection include virus isolation, fluorescent antibody tests (FAT), and both real-time and conventional PCR assays (33) (34) (35) (36) (37) . These PCRs are the most widely used at the national reference laboratory (NRL) level within the EU. New real-time PCRs developed in recent years have been shown to provide greater sensitivity for detecting animals that have survived infection (38, 39) . Other assays, such as antigen detection enzymelinked immunosorbent assay (ELISA), which allows for largescale testing of samples, are also available at the NRL level but have been reported as having lower analytical sensitivity than that of PCR tests (34) .
For the detection of ASF antibodies, the OIE-prescribed assays involve the use of an ELISA for antibody screening, backed up by immunoblotting (IB) or indirect immunofluorescence (IIF) as confirmatory tests (33, 40) . The indirect immunoperoxidase test (IPT), validated by the European Union Reference Laboratory (EURL) for ASF, has effective analytical and diagnostic sensitivity and can be used as an alternative confirmatory test for the diagnosis of ASF using porcine sera. In addition, it can be applied with ease to a large number of samples and does not require expensive fluorescence microscope equipment (41) . Currently, three commercial ELISA kits are available for the detection of ASF antibodies (Ingenasa, IDvet, and Svanovir), of which the Ingezim PPA Compac, K3 from Ingenasa is the most widely used at the EU level (C. Gallardo, personal communication).
The techniques currently in use for ASF diagnosis give a confident diagnosis of the disease in any epidemiological situation (34, 35, 40, 42) . However, ASF diagnosis is complex due to the wide range of clinical forms and the similarity of its symptoms to those of other viral infections, such as classical swine fever (CSF) (1) . The current epidemic situation of ASF in the EU has created a need to review the sensitivity and specificity of current diagnostic tests and their ability to diagnose ASF in both domestic and wild Suidae in affected areas. To this end, the EURL has performed, in collaboration with the NRLs of the four affected EU countries, a comparative study using all the ASF diagnostic tests that are currently being used across the EU to analyze experimental and field samples collected from both domestic and wild pigs. This paper reviews the performance characteristics, including sensitivity and specificity, of current ASF diagnostic tests in order to guide effective actions for rapid identification and further control of ASF in affected countries.
MATERIALS AND METHODS
Viruses, cell cultures, and virus propagation. For the experimental in vivo studies, three ASFV isolates belonging to p72 genotype II obtained from the outbreaks in Armenia in 2007 (Arm07), Ukraine in 2012 (Ukr12/ Zapo), and Lithuania in 2014 (LT14/1490) were used. The ASFV isolates were propagated (2 to 6 passages) in porcine blood monocytes (PBM) recovered from naive domestic pigs (43, 44) . Titrations of ASFV stocks were performed using a hemadsorption assay to monitor the endpoint dilution of ASFV isolates into PBM. Titers were estimated using Reed and Muench's method (45) and expressed as 50% hemadsorbing doses per milliliter (HAD 50 /ml) per sample.
The stable monkey (MS) kidney cell line (ECACC, 91070510) was used for conventional soluble cytoplasmic antigen production after infection with the ASFV MS-adapted E70 isolate (E70 MS 48), as described in the OIE Terrestrial Manual 2012 (33) , and in the preparation of the ASFVcoated 96-well plates used as the antigen in the IPT (41) .
Samples included in the study. (i) Porcine samples from field ASFVinfected areas within the EU. A panel of 314 field samples collected during the 2014 outbreaks in EU countries (Latvia, Lithuania, Poland, and Estonia) were used in this study (Fig. 1 ). These samples were taken from a total of 125 infected animals (91 wild boars and 34 domestic pigs) previously identified by the NRLs. Specifically, in the case of wild boars, 182 tissue samples, mainly from the spleen (32.2%) and bone marrow (21.3%), and 22 blood, 5 serum, and 2 fluid samples from the peritoneal cavity were analyzed ( (ii) Porcine samples from ASFV experimental studies. One hundred fifty paired serum and blood-EDTA samples were collected at regular intervals until the end of the study from three independent experimental infections with virulent ASFV isolates belonging to P72 genotype II. In addition, 15 different types of tissues and organs were obtained from each necropsied animal (liver, spleen, tonsil, heart, lung, kidney, and submandibular, retropharyngeal, inguinal, popliteal, mesenteric, mediastinal, gastrohepatic, splenic, and renal lymph nodes). This gave a total of 450 tissue samples that were used in the comparative studies for both antibody and ASFV detection. The number and type of experimental samples are summarized in Table 2 . Animal experiments were conducted at the biosafety level 3 (BSL3) animal facilities at the Instituto Nacional de Tecnologia Agraria y Alimentaria-Centro de Investigación en Sanidad Animal (INIA-CISA), in accordance with EC Directive 86/609/EEC (46) regarding the accommodation and care of animals used for experimental and other scientific purposes, as described in the recommendation. A short description of the experimental design is shown below.
Experimental infection with ASFV Arm07 isolate. Four Landrace x Large White pigs were inoculated intramuscularly with 10 HAD 50 /ml of the ASFV Armenia 2007 (Arm07) isolate. Two untreated pigs were maintained in contact and housed in the same box as the inoculated animals. Inoculated and in-contact animals developed acute forms of clinical disease and were slaughtered or died as a result of the infection between 7 to 9 days postinoculation (dpi) (inoculated group) or 16 days postexposure (dpe) (in-contact group) (39) .
Experimental infection with the ASFV Ukr12/Zapo isolate. Four domestic pigs were inoculated by the intramuscular route with 10 HAD 50 /ml of the Ukraine ASFV Ukr12/Zapo isolate. The inoculated pigs were placed in contact with two naive pigs being housed in the same box. All the pigs developed a peracute to acute form of the disease and died, or were slaughtered in an ethical manner, between 4 and 10 dpi (infected pigs) and 11 to 12 dpe (in-contact pigs) (C. Gallardo, personal communication, 2013) .
Experimental infection with ASFV LT14/1490 isolate. Ten naive pigs were placed in contact with eight pigs experimentally inoculated by the intramuscular route with 10 HAD 50 /ml of the Lithuanian LT14/1490 strain. The Lithuanian ASFV strain induced an acute disease, which re-sulted in 94.5% mortality. Seven of the eight inoculated animals died or were euthanized due to the severity of symptoms between 7 and 9 dpi. One inoculated pig showed a delayed course of the disease, resembling the same as that seen in the in-contact animals, which died or were slaughtered from 14 to 22 dpe. One in-contact pig remained asymptomatic throughout the experiment and was slaughtered at day 61 (47) . rized in Table 3 . Briefly, 295 field-collected samples and 600 samples obtained from the experimental infections were tested in parallel by the PCR assays. The field samples consisted of 252 tissue, 39 blood-EDTA, two serum, and two fluid samples, while 150 blood and 450 tissue samples were analyzed from the experimental infections. In addition, 272 samples were tested to detect ASF antigen by ELISA and included 92 field samples from 79 animals (67 spleen and 25 blood samples) and 180 experimental samples from 30 infected domestic pigs (30 spleen and 150 blood samples). The type of samples tested in the antigen ELISA included spleen and blood, as is recommended by the manufacturers.
(ii) ASFV genome detection by PCR. The field and experimental samples were tested to detect the ASFV genome using the OIE conventional PCR (33, 36) , the OIE real-time PCR (33, 37) , and the Universal ProbeLibrary (UPL) real-time PCR (38) . Briefly, 10% (wt/vol) clarified homogenized tissue suspensions were prepared in phosphate-buffered saline using field and experimental tissue samples. The DNA was extracted from each tissue homogenate and from blood, serum, and fluid samples using the High Pure PCR template preparation kit (Roche Diagnostics GmbH, Roche Applied Science, Mannheim, Germany). For amplification of the ASFV genomic DNA, the PCRs were carried out using undiluted and 1:10 diluted extracted DNA for each sample.
(iii) ASFV antigen detection by ELISA. A total of 272 samples were tested to detect ASF antigen using the commercially available antigen detection ELISA, the double-antibody sandwich (DAS) ELISA manufactured by Ingenasa (Ingenasa-Ingezim PPA DAS K2; Ingenasa, Madrid, Spain). The samples were analyzed undiluted and in a 1:10 dilution, according to the manufacturer's instructions, and the results obtained were compared to those obtained using the PCR assays.
(iv) ASF virus isolation and titration. Virus isolation was assessed in PCR-positive experimental and field samples using a hemadsorption assay into PBM, as described in the OIE Terrestrial Manual (33) . The plates were examined for hemadsorption over a period of 6 days. The samples were blind passaged three times. Titers were estimated by endpoint dilution, as described in "Viruses, Cell Cultures, and Virus Propagation" above.
ASF antibody detection tests. (i) Samples tested.
The number and type of samples tested in parallel by the selected ASF antibody detection tests are shown in Table 3 . In summary, 150 experimental and 21 field serum samples were tested using the ELISAs and IPT. The performance of each technique for detecting ASF antibodies in tissue exudate was initially assessed by the analysis of 90 experimental exudates obtained from the spleens, livers, and lungs of the ASFV genotype II-infected domestic pigs. To determine the specificity of the assays, a panel of 210 negative tissue exudates obtained from 70 non-ASF-infected animals were included in the study. In addition, 140 field tissue exudates, 26 blood, and one fluid sample taken during the outbreaks within the EU were tested by IPT.
(ii) ELISAs. The four different ELISAs included in the comparative study were the OIE indirect ELISA based on the ASFV semipurified antigen (33) and the three following tests: the (i) blocking Ingenasa-ELISA based on the use of monoclonal antibody against the P72 ASFV protein (Ingenasa-Ingezim PPA Compac K3; Ingenasa, Madrid, Spain), (ii) IDvet-ELISA, a multiantigen indirect ELISA kit for the detection of antibodies against P32, P62, and P72 ASFV proteins (ID Screen African swine fever indirect assay; Grabels, France), and (iii) indirect Svanova-ELISA based on recombinant P30 ASFV proteins as antigen (Svanovir ASFV-Ab; Boehringer Ingelheim Svanova, Uppsala, Sweden). Sera and exudate tissues were tested by each ELISA, according the manufacturer's instructions for serum samples.
(iii) IPT. For the preparation of IPT antigen plates, 80% confluent monolayers of MS cells were grown in Eagle fresh medium without serum in 96-well tissue culture-grade microtiter plates. The plates were infected with a multiplicity of infection (MOI) of 20 with ASFV MS adapted-E70 isolate (E70 MS 48) and incubated in a humidified atmosphere containing 5% CO 2 at 37°C for 24 h. After incubation, the inocula were removed by vacuum suction, and the ASFV-infected cell sheets were fixed with a cold solution containing 70% methanol and 30% acetone for 10 min. Finally, the plates were washed with phosphate-buffered saline (PBS) for 20 min, sealed with tape, and stored at Ϫ20°C until further use. Experimental and field samples were tested by IPT using the standardized operating procedure, as described by the EURL (48) . Data analysis. The concordance between each test was the overall percentage agreement between the results of the two assays calculated using two-by-two contingency tables. Kappa coefficient () statistics were used to evaluate the significance of the level of concordance between re- (49) . From the overall analysis of the results, the final sensitivity and specificity were calculated using the results of the IPT and the UPL-PCR as a reference for antibody and virus detection, respectively. All samples that gave a doubtful result in the ELISAs (those with results in the cutoff interval) were considered positive.
RESULTS

Comparison of PCRs and antigen ELISA in the detection of ASFV. (i) Experimental samples from animals infected with genotype II ASFV. (a) Analysis of blood samples.
Out of the 150 blood samples collected at different times from the 30 experimentally infected pigs, the number of positives was 62 (41.3%) using the UPL-PCR, 59 (39.9%) using the OIE real-time PCR, and 52 (34.7%) using the OIE conventional PCR. When the samples were analyzed with the antigen ELISA, 48 tested positive (32%) according to the threshold recommended by the ELISA kit protocol (Table 4). Good correlation was observed between the UPL-PCR and the OIE real-time PCR, with just three of the 62 UPL positive samples (with high cycle threshold [C T ] values of Ͼ36) testing negative in the OIE real-time PCR. Three false-negative blood samples were collected at 17, 34, and 38 dpe from in-contact animals exposed to the virulent Lithuanian 2014 ASFV isolate (LT14/1490), which remained asymptomatic throughout the experimental infection (47) . The false-negative results detected with both conventional PCR and/or antigen ELISA were correlated with blood samples with real-time PCR cycle threshold (C T ) values of Ͼ30, mainly collected at the initial stages of infection (Fig. 2) .
(b) Analysis of tissue samples. A second panel of 450 tissue samples collected during necropsy was analyzed in parallel using the three PCR assays. The ASFV genome was detected by the UPL-PCR in 97.8% of the tested tissues, while in the OIE-prescribed PCR assays, the positive percentage decreased to 96.6%. The 15 negative samples corresponded to organs collected from two pigs exposed to the Lithuania 2014 strain (47) . Of the 30 spleen samples tested using the antigen ELISA, 28 were positive and two were negative, which enabled us to detect 93.3% of the infected animals ( Table 4) .
(ii) Field samples collected during the EU epidemic outbreaks. Using the UPL-PCR, the 295 tested field samples were positive. Compared with the real-time and conventional OIE-PCR-prescribed assays, the percentages of positive results decreased to 98.98% and 96.3%, respectively ( Table 5 ). The OIE real-time PCR failed to identify two blood samples and one bone marrow sample that were UPL positive, with C T values of Ͼ35. Using the OIE conventional PCR test, the number of negative samples increased to 10, all with C T values being Ͼ30 when tested with the real-time PCRs.
The performance using the antigen ELISA in detecting field- Table 6 . Virus isolation versus UPL real-time PCR results. Virus isolation was attempted in the 502 UPL-PCR-positive blood and tissue samples obtained from the domestic pigs experimentally infected with genotype II. ASFV was successfully isolated after three passages in PBM cells in 96.81% of the tested samples showing the characteristic hemadsorption ASFV pattern. No viable virus was detected in samples with UPL C T values of 36 Ϯ 3.5, mainly collected at the initial stage of infection from pigs infected with the Lithuanian ASFV isolate. In contrast, when 185 field-derived samples representative of each positive domestic pig and wild boar were subjected to virus isolation, the virus was successfully isolated in 77 cases (41.62%). Samples that exhibited unsuccessful results were mainly derived from wild boars and resulted in 27 ASFV viruses isolated (30.7%) from a total of 91 animals tested. In domestic pigs, viruses were recovered after three passages in 29 out of 34 domestic pigs (86%), although no relationship was established between the negative samples and the C T values reported by the UPL-PCR. It is important to note that all ASFV field viruses were hemadsorbing. Comparison of the ELISAs and IPT assay for antibody detection using pig sera. (i) Experimental sera from animals infected with genotype II ASFV. Due to the acute nature of the disease induced by the ASFV genotype II isolates, most of the animals died or were slaughtered prior to the development of measurable antibodies. The analysis of sera collected from inoculated and in-contact animals revealed a detectable antibody response by IPT between 16 and 21 dpi/dpe in 23.3%, which corresponds to 7 out of the 30 domestic pigs. The level of detection was reduced to three (10%) with the Ingenasa-ELISA and two (6.6%), with the OIE-, IDvet-, and Svanova-ELISAs (Table 7) .
(ii) Field serum samples from pigs in affected areas in the EU. Twenty-one samples collected in 2014 from domestic pigs (16) and wild boars (5) from affected EU countries were analyzed in parallel using the four ELISAs and the IPT. As with the results obtained using the experimental serum samples, due to the acute nature of the disease, the number of positive sera detected by IPT was 10 (47.62%), whereas the number decreased to six (37.5%) with the Ingenasa-ELISA, four (25%) with the IDvet-and Svanova-ELISAs, and two (9.52%) with the OIE-prescribed ELISA. ASFV antibody titers were determined in sera using IPT by endpoint dilution, as described by EURL (2014) (48) . The results showed that the ELISAs were unable to detect the infected pigs with antibody titers (reported as 2-fold dilutions by IPT) of Ͻ1:640 (9.32 log 2 ) in the Ingenasa-ELISA, Ͻ1:5,210 (12.32 log 2 ) for the IDvet and Svanova tests, and Ͻ1:20,480 (14.32 log 2 ) in the case of the OIE-ELISA (data not shown).
(iii) Analysis of the results. From the results obtained in both experimental and field samples collected from animals with known infectious status, the IPT was selected as the reference method. Of the 18 ASF-positive samples, there were 14 false negatives from the OIE-ELISA, 12 from the IDvet-and SvanovaELISAs, and 9 from the Ingenasa-ELISA. Due to the low number of positive samples, the sensitivity values ranged from 22.22% using the OIE-ELISA to 50% with the Ingenasa test. Kappa values from 0.34 (95% CI, 0.01 to 0.67) to 0.64 (95% CI, 0.42 to 0.87) showed moderate-to-substantial agreement between the IPT and the ELISAs. The comparative sensitivity values are shown in Table 8 .
Performance of the ELISAs and IPT assays in antibody detection in exudate tissue samples. (i) Experimental infections.
Ninety exudate tissues obtained from animals infected with genotype II ASFV isolates were subjected to the ELISA and the IPT assay for antibody detection. Specific anti-ASFV antibodies were detected with Ingenasa-ELISA in 25 out of 90 exudates from 18 out of 30 experimentally infected animals. The IPT detected 10 of the infected pigs with 20 positive exudates, whereas the OIE-, Svanova-, and IDvet-ELISAs detected a decreasing number of positive animals, with 5 (6 samples), 3 (6 samples), and 2 (3 samples) animals, respectively.
To confirm the specificity (Sp) of the results obtained in the analysis of experimental samples, a total of 210 exudates from negative spleen, lung, and liver tissues from 70 healthy domestic pigs were analyzed in parallel with the ELISAs and IPT. No specific antibody response was detected with the IPT or IDvet-ELISA, thereby showing 100% specificity. The number of false-positive samples was five with the OIE-ELISA (Sp, 97.6%), 18 with the Svanova-ELISA (Sp, 91.4%), and 33 using the Ingenasa-ELISA (Sp, 84.3%). The false-positive samples were associated with hemolyzed exudates, mainly obtained from the spleen (72.7% of false positives) and liver (24.2% of false positives).
Statistically, the Ingenasa-ELISA showed greater sensitivity than that of IPT and the other ELISAs used to detect ASF antibodies in positive exudate samples. However, its specificity (84.3%) was the lowest in detecting negative exudate samples. Combining the results obtained from all tested exudates of the infected and noninfected animals, the positive predictive value (PPV) of this technique was found to be 17.2% and its negative predictive value (NPV) to be 95.9%. Therefore, the accuracy of Ingenasa-ELISA compared to IPT was found to be 80.7%.
(ii) Field infections. Taking into consideration the results obtained from experimental samples, the IPT was selected for the analysis of exudate tissue samples collected in the field during the epidemic EU outbreaks. A total of 140 field tissue exudates, 26 blood, and 1 fluid sample from 32 domestic pigs and 51 wild boars were tested. A specific antibody response was detected in 87 out of the 167 samples from 30 wild boars (58.8%) and 11 domestic pigs (34.37%). A 2-fold serial dilution of the samples containing specific antibodies determined high ASF antibody IPT titers ranging from 1:1,280 to 1:40,960 (10.32 to 15.32 log 2 ) in nine of the 30 positive wild boars (30%), whereas only three domestic pigs had titers Ͼ10.32 log 2 .
DISCUSSION
ASF is a very complex disease for which no vaccine is available. Prevention and control of ASF are based on two main principles, early detection (based on epidemiological, clinical, and laboratory findings) and strict sanitary measures. Therefore, the use of the most appropriate diagnostic tools that are updated to be applicable to all scenarios is critical for the implementation of effective control programs. Previous studies have examined the performance of serological (40, 42) and virological (34) ASF diagnostic tests with a relatively large number of samples, which were mainly obtained from the African continent. The recent emergence of ASF in 2014 in some eastern EU countries has highlighted the need to assess ASF diagnostic tests to check their ability to detect the disease via viral DNA, antigens, and antibodies in clinical specimens in infected areas. This study provides a complete analysis that compares the most typical ASF diagnostic assays used at the EU level with a set of samples collected from field and experimentally infected animals with genotype II ASFV isolates currently circulating in eastern and central Europe (21, 28, 50) .
Three PCR assays for the detection of the ASFV genome (33, (36) (37) (38) were tested in parallel using 785 field and experimental samples obtained from genotype II-infected pigs. In the data obtained, 3.3% more samples were shown to be ASFV positive with the UPL-PCR method (38) than with the OIE conventional PCR (33, 36) . The DNA was easily detected by both PCRs when high levels of virus were present in blood and tissues in the clinical phase of infection. However, the OIE conventional PCR failed to give positive results for samples with C T values of Ͼ30, especially those collected during early stages of the disease. This lower sensitivity might be due to the presence of one nucleotide mismatch close to the 3= end in the forward primer, identified in the target sequence of recent ASFV genotype II isolates, which include Georgia 2007 (GenBank accession no. FR682468), Krasnodar 2012 (GenBank accession no. KJ195685), Lithuania 2014, and Poland 2014 (data not shown).
There was a slight difference (P ϭ 0.015) between the total number of UPL-PCR-positive samples and the total number of OIE realtime PCR (33, 37)-positive results. The OIE-prescribed assay failed to detect the asymptomatic pig experimentally exposed to Lithuanian ASFV (49) and three field-derived samples from hunted wild boars in Lithuania and Latvia. Although no virus was recovered from these samples, the presence of antibodies indicates ASFV exposure in these wild boars and confirms the specificity of the results obtained. Overall, the comparative PCR results presented in this study agree with previous work in which the UPL-PCR was able to detect more positive samples than the OIE-PCR tests, thereby confirming its superior diagnostic sensitivity in the detection of survivors and its ability to rapidly detect the disease even when the typical clinical signs are as yet not evident (38) .
Published data on the sensitivity and specificity of the currently available commercial antigen ELISA kit (ELISA Ingezim K2; Ingenasa, Madrid, Spain) are limited to the results obtained with a few African samples (34) . This antigen ELISA is cheaper to set up than PCR methods and allows for large-scale testing of samples to be conducted quickly without any special laboratory equipment. In this study, we compared the performance of this assay with the three PCR methods described above and analyzed a panel of 277 samples from experimentally infected pigs and field samples from wild boars and domestic pigs in infected areas in the EU. The sensitivity of the antigen ELISA was poor (77.2%) compared to that of the UPL-PCR, most of all in the case of field-derived samples, even when there was a high virus load. This corresponds with previous studies that have shown that field samples in poor conditions can decrease the effective sensitivity of the test (34, 51) . It is also important to note that the formation of the antigen-antibody complexes in the tissues of seropositive animals can block the interaction between the ASFV antigen and ASFV conjugate and therefore affect its sensitivity. In the majority of cases, the severe nature of the epidemic disease affecting EU countries leads to mortality with high levels of viral presence in all tissues (9, 10, 47, 52, 53) . It is therefore highly likely that the virus will be detected using the antigen ELISA in a high proportion of samples taken from dead pigs during an acute outbreak of disease. However, from the results obtained in this study, the use of the antigen ELISA is recommended as a herd test and should be accompanied by other virological tests.
The attempt to isolate infectious virus from each UPL-PCRpositive animal gave irregular results in experimental and field (54) . In addition, virus isolation is essential if the objective is to obtain virus stocks for future molecular and biological characterization studies. Serological assays are the most commonly used diagnostic tests due to their simplicity, relatively low cost, and need for little specialized apparatus or few facilities. For ASF diagnosis, this is particularly relevant given that no vaccine is available against ASFV, which means that the presence of anti-ASFV antibodies always indicates infection. Furthermore, anti-ASFV antibodies appear soon after infection and persist for up to several months or even years (35) . The present study compares the performance of the four available screening ELISAs with the confirmatory IPT in detecting ASF antibodies in field and experimental serum samples.
The examination of sequential serum samples from the 30 domestic pigs experimentally infected with genotype II ASFV indicated greater sensitivity for the IPT than for the ELISAs. The IPT was able to detect ASF antibodies at an earlier stage of serological response than the ELISA. The same result was obtained from the analysis of field-derived samples despite the limited number of tested sera. The sensitivity of the ELISAs, based on the number of positive samples detected by each assay, was significantly lower than that of the IPT as a reference test and ranged from 22.22% (OIE-ELISA) to 50% seropositive pigs detected (Ingenasa-ELISA). Kappa analysis showed that the IDvet-and SvanovaELISAs were not statistically different from each other and were both superior to the OIE-ELISA. The sensitivities of the assays determined by this study were lower than or equivalent to those in other published reports, especially to those using the OIE-recommended ELISA (42) . Although this study was limited by the small positive sample size, this low sensitivity may be due to the fact that samples were collected from acutely infected animals prior to the development of the antibodies that are measurable by the ELISAs. Notably, sera showing ASF IPT antibody titers of Ͼ14.32 log 2 were found to be positive in all the ELISAs.
Our tests fell into two distinct methodological categories, ELISA and IPT, each with its advantages and disadvantages. The ELISA format permits the rapid testing and interpretation of a large number of samples and can be easily automated. However, the relatively lower sensitivity observed for the ELISA compared to that of IPT suggests that seroprevalence rates may be underestimated when the ELISA is employed for surveillance in areas where virulent strains inducing acute infections are circulating, as is the case in certain EU countries. The data presented here reaffirm IPT as a useful serological tool for the early diagnosis of ASF, even when few antibodies are present. Nevertheless, it should be kept in mind that IPT is a labor-intensive method that requires individual microscopic examination of all samples and that interpretation can vary according to the examiner. Therefore, the development of new screening ELISAs capable of detecting low ASF antibody titers should be contemplated.
The spread of ASF into the wild boar population of the EU has highlighted the need for targeted surveillance and early warning actions (32, 55) . Samples usually obtained from hunted/captured animals, animals found dead, and animal debris are tested to determine the presence of the disease. Based on the above-mentioned results, the presence of the ASFV genome is easily determined by PCR even when bone material is tested. However, the search for antibodies from hunted or dead animals is essential for obtaining a complete picture of the epidemiology in question at the time of these epidemic outbreaks and for determining the date of infection. In this study, the performance of the IPT and the four ELISAs was evaluated to detect specific ASFV antibodies in tissue exudates, thereby exploring their potential as alternative diagnostic samples. These tissue exudate samples were obtained from (i) naive, (ii) experimentally inoculated, and (iii) field-infected domestic and wild pigs. An initial evaluation based on the analysis of experimental samples revealed the Ingenasa-ELISA to be the most sensitive kit, as it detected antibodies in 60% of the infected pigs. Using the IPT, the percentage decreased to 30% and to Ͻ20% when using the OIE-, IDvet-, and Svanova-ELISAs. However, our data demonstrate that when the validation experiment was extended to include additional negative samples, only the specificity index of IPT and IDvet-ELISA remained high (100%), since the Ingenasa-ELISA generated a significantly reduced specificity (84.3%). Several studies have previously reported that hemolyzed sera may influence ELISA performance. Also, the manufacturers do not recommend the use of this type of sample in the ELISA. Therefore, these divergent results were most likely due to the use of hemolyzed samples obtained from tissues (51) . Our results also underline the fact that positive ELISA results should always be confirmed by alternative methods, such as IPT, FAT, or IB tests, as is recommended by the OIE (33) .
To determine the date of infection, that is, when infected animals were exposed to ASFV (regardless of whether antibodies were present), samples from wild boars and domestic pigs were tested using IPT. From the overall analysis of the results (including those obtained from sera), the presence of antibodies was confirmed in 60.37% of the wild boars and in 46.8% of the domestic pigs. Moreover, the IPT antibody titers stressed that wild boars generally had higher levels of antibody titers than those of domestic pigs. An interesting finding is that animals with the highest antibody titers were previously diagnosed at the limit of detection with the UPL-PCR test but resulted negative when tested with the OIE-prescribed virological assays. These data suggest that despite the fact that the ASFV isolates affecting EU countries correspond to a virulent strain that leads to high mortality in affected wild and domestic pigs, some animals can survive for over a month and are able to recover from the infection or even remain subclinically infected (47, 56) . The role of such animals in the transmission and maintenance of the disease needs to be further investigated.
In conclusion, although a number of good validated ASF diagnostic techniques are available, the data presented in this paper show that the UPL-PCR in combination with the IPT are the most trustworthy methods for the early detection of the ASFV genome and antibodies in affected EU countries. These techniques are ac-curate and specific for a reliable diagnosis of ASF, though the OIE real-time PCR test can be also used with great confidence, since it shows almost perfect agreement with the UPL-PCR. Virus isolation produces highly variable results when field samples are tested but is still the test of choice to confirm an outbreak in a free country and to obtain virus for subsequent detailed analysis. Antibody detection techniques are needed in order to get complete information that will assist control and eradication programs. Despite its shortcomings, the ELISA is the most commonly used type of test to screen for ASF antibodies, although further confirmation of positive and inconclusive ELISA results is always required. In this context, the IPT is the best test given its superior sensitivity and its performance to test blood, serum, and/or exudate tissue samples, which is particularly relevant for wild boar surveillance and control programs. In light of the current epidemic situation in EU countries, we recommend that IPT be used from wild boars and to test for ASF antibodies when sick or dead domestic pigs appear. The success of surveillance activities is dependent on the availability of the most appropriated diagnostic tests that can provide reliable information for feasible control and eradication programs.
